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Abstract 

An  ammonia  alkaline  electrolytic  cell  for  the  production  of  hydrogen  is  presented.  Challenges  involved  in  using  ammonia  electro-oxidation 
for  sustainable,  low-cost,  high-purity  hydrogen  production  are  identified  and  solutions  are  proposed.  Electrodeposition  was  selected  as 
a  technique  of  preparing  low-loading  ammonia  electrocatalysts.  The  efficiency  of  the  electrolytic  cell  was  improved  by  using  bimetallic 
electrodeposited  catalysts  (at  both  electrodes)  containing  Pt  and  a  low  concentration  of  secondary  metals  (Ru,  Ir).  Pt-Ir  deposits  showed 
the  highest  activity  toward  ammonia  oxidation.  An  experimental  procedure  is  shown  which  minimizes  the  reversible  deactivation  of  the 
electrode.  Significant  current  densities  were  obtained  (above  100  mA  cm-2)  during  electrolysis  testing  at  relatively  low  metal  loading,  low 
cell  voltages,  and  high  cell  efficiencies.  These  results  point  to  ammonia  electrolysis  as  a  promising  candidate  for  an  alternative  process  for 
low-cost,  low-temperature,  high-purity  hydrogen  production. 
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1.  Introduction 

1.1.  Ammonia  as  a  hydrogen  carrier 

Hydrogen  is  the  main  fuel  source  for  power  generation 
with  fuel  cells,  but  its  storage  and  transportation  are  still  ma¬ 
jor  issues.  To  overcome  these  problems,  hydrogen  has  been 
stored  and  transported  via  other  chemical  compounds,  such 
as  alcohols,  hydrocarbons,  ammonia,  etc.  In  many  ways,  am¬ 
monia  is  an  excellent  hydrogen  carrier  [1];  liquid  ammonia 
represents  a  convenient  way  of  storing  supplies  of  hydrogen, 
boasting  a  specific  energy  density  (kW  h  1“ 1 )  50%  higher  than 
liquefied  hydrogen  [2].  Ammonia  is  also  easily  condensed  at 
ambient  temperature  (under  8  bar  of  pressure),  which  makes 
it  a  good  choice  for  transportation  and  storage.  Even  though 
ammonia  is  flammable  within  defined  limits  (16-25%  by  vol¬ 
ume  in  the  air)  and  toxic  (above  25  ppm),  its  presence  can  be 
detected  by  its  characteristic  odor  (above  5  ppm).  Ammonia 
is  produced  worldwide  in  large  quantities  (more  than  100 
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million  ton  year-1),  which  allows  the  effect  of  economy  of 
scale  on  the  cost  of  production.  Its  decomposition  by  electro¬ 
oxidation  in  alkaline  media  at  low  overpotentials  is  NO*  and 
COx  free  with  nitrogen  and  water  as  products  of  reaction  [3]. 

1.2.  Electro -oxidation  of  ammonia:  thermodynamics 

The  original  idea  presented  here  consists  in  coupling  the 
ammonia  electro-oxidation  reaction  with  the  hydrogen  evo¬ 
lution  reaction  for  the  production  of  high-purity  hydrogen  in 
an  alkaline  electrolytic  cell  [4] : 

2NH3(aq)  +  60H“  ->  N2(g)  +  6H20  +  6e“  (1) 

6H20  +  6e"  ->  3H2(g)  +  60H-  (2) 

2NH3(aq)  —>  N2(g)  +  3H2(g)  (3) 

At  25  °C  the  ammonia  oxidation  potential  is  —0.77  V  ver¬ 
sus  standard  hydrogen  electrode  (SHE),  only  0.06  V  less  neg¬ 
ative  than  the  value  of  —0.83  V  versus  SHE  for  hydrogen 
evolution  in  alkaline  solution  [5].  Therefore,  thermodynamic 
values  are  much  in  favor  of  the  production  of  hydrogen  cou¬ 
pled  to  the  oxidation  of  ammonia  compared  to  hydrogen  pro- 
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duction  by  electrolysis  of  water,  for  which  the  theoretical  cell 
voltage  is  1 .223  V.  The  advantage  of  this  process  is  its  ease  of 
integration  with  renewable  energy  (electricity)  sources.  Be¬ 
cause  the  energy  consumption  is  low,  the  cell  could  operate 
with  renewable  energy  (or  by  stealing  part  of  the  energy  of  a 
PEM  hydrogen  fuel  cell  if  the  ammonia  electrolytic  cell  op¬ 
erates  close  to  the  theoretical  potential).  Therefore,  hydrogen 
could  be  produced  on  demand,  minimizing  the  needs  for  hy¬ 
drogen  storage.  The  theoretical  energy  consumption  during 
ammonia  electrolysis  (assuming  that  there  are  not  kinetics 
limitations  for  the  reaction  to  take  place  at  the  thermody¬ 
namics  conditions)  can  be  calculated  from  the  standard  po¬ 
tential  of  the  cell  and  is  equal  to  1.55  Whg-1  H2  while  the 
electrolysis  of  water  requires  at  least  33  Whg-1  H2  at  stan¬ 
dard  conditions;  this  means  that  theoretically  the  electrolysis 
of  ammonia  consumes  95%  lower  energy  than  a  water  elec¬ 
trolyzer.  The  scalability  of  the  technology  as  well  as  its  ability 
to  easily  operate  in  an  on-demand  mode  facilitates  the  tech¬ 
nology’s  ability  to  interface  with  renewable  energy  sources 
including  those  whose  production  of  electricity  may  vary  with 
time  (e.g.,  wind  and  solar  energy). 

1.3.  Hydrogen  production  from  ammonia  electrolysis : 
technological  challenges 

It  appears  that  significant  current  densities  can  be  obtained 
from  the  oxidation  of  ammonia  on  platinized  Pt  (Eq.  (1)),  but 
this  electrode  process  is  far  less  reversible  (high  anodic  over¬ 
potentials)  than  the  oxidation  of  hydrogen  [6,7].  Apart  from 
the  fact  that  large  anodic  overpotentials  are  needed  to  drive 
Eq.  (1),  the  deactivation  of  the  Pt-catalyst  is  quickly  observed 
at  higher  current  densities  [8-10].  Therefore,  hydrogen  pro¬ 
duction  from  ammonia  electrolysis  requires  the  development 
of  improved  catalysts  for  ammonia  electro-oxidation. 

In  the  past,  several  metals  and  alloys  have  been  consid¬ 
ered  as  potential  catalysts.  A  study  on  bulk  platinum  and 
bulk  iridium  electrodes  [11]  showed  that  these  metals  have 
the  best  activity  among  noble  and  coinage  metals  toward  am¬ 
monia  oxidation.  However,  the  current  densities  observed 
on  these  catalysts  were  very  low  (less  than  1mA  cm-2). 
Metal  alloys,  metal  oxides,  and  bimetallic  electrocatalysts 
have  shown  higher  activity  toward  ammonia  oxidation  com¬ 
pared  to  monometallic  catalysts.  This  is  the  case  for  Ag-Pb 
alloys  [11]  and  Ru  oxides  [12]  but  at  very  high  overpoten¬ 
tials.  Co-deposited  Pt-Ru  electrocatalysts  with  a  low  per¬ 
centage  of  ruthenium  (15  wt.%)  have  been  reported  to  show 
higher  activity  than  platinum  black  at  a  lower  overpoten¬ 
tial  [13].  A  platinum-iridium  powder  mixture  (50  wt.%)  im¬ 
pregnated  in  Teflon  and  painted  on  a  platinum  screen  was 
found  to  provide  much  lower  overpotentials  for  the  ox¬ 
idation  of  ammonia  than  platinum  black  [14].  However, 
the  loading  of  noble  metals  used  (up  to  51  mg  cm-2)  pro¬ 
hibits  the  use  of  such  technology  from  an  economical  point 
of  view. 

Studies  on  amperometric  sensors  also  showed  improved 
sensitivity  with  respect  to  ammonia  oxidation  [15]  on  elec- 


trodeposited  noble  polymetallic  catalysts,  but  again,  low  cur¬ 
rent  densities  were  reported.  Recently,  Endo  et  al.  [10]  opti¬ 
mized  the  composition  of  thermally  decomposed  and  melt 
grown  Pt-Ir  and  Pt-Ru  catalysts.  The  authors  concluded 
that  the  composition  of  the  deposit  cannot  alone  explain  the 
change  in  activity  observed  for  the  selected  catalysts  and  that 
the  microstructure  of  the  deposit  should  also  be  considered 
and  optimized.  They  also  report  a  fast  deactivation  of  the  de¬ 
veloped  electrocatalysts.  Independent  results  [16]  support  the 
fact  that  the  catalysts  microstructure  plays  a  significant  role 
on  the  kinetics  of  ammonia  oxidation  and  report  particularly 
low  overpotential  on  Pt(l  0  0). 

1.4.  Objectives  of  the  study 

This  paper  presents  some  preliminary  results  showing 
the  technology  of  hydrogen  production  from  ammonia  elec¬ 
trolysis  in  alkaline  solution  according  to  Eq.  (3).  The  ob¬ 
jective  of  this  work  was  to  evaluate  the  feasibility  of  such 
a  process,  which  involved  the  following  tasks:  (1)  the 
preparation  of  suitable  catalysts  for  ammonia  oxidation  by 
co-electrodeposition  of  low-loading  noble  metals,  (2)  the  de¬ 
termination  of  the  purity  of  hydrogen  produced  by  the  pro¬ 
cess,  (3)  the  improvement  of  the  cell  efficiency,  and  (4)  the 
improvement  of  the  stability  of  ammonia  electro-oxidation 
reaction.  Electrodeposition  was  selected  as  a  mean  of  prepar¬ 
ing  low-loading  electrocatalysts,  since  it  is  a  technique  which 
is  relatively  easy  to  implement  at  an  industrial  scale. 

2.  Experimental/materials  and  methods 

2.1.  Experimental  setup  and  procedure 

A  three-electrode  1-L  cell  was  designed  for  the  purpose 
of  electrochemical  experimentation.  The  reference  electrode 
was  Hg/HgO  (+0.092  V  versus  SHE),  and  the  counterelec¬ 
trode  was  made  of  platinum-ruthenium  foil.  The  cell  in¬ 
cludes  three  additional  ports  for  gas  inlet  and  outlet,  and  for 
temperature/pH  measurements.  The  cell  could  either  func¬ 
tion  as  a  one-compartment  cell  or  a  two-compartment  cell. 
When  anodic  and  cathodic  compartments  were  separated,  a 
polypropylene  membrane  was  used,  which  provided  good 
conductivity  and  allowed  for  the  separation  of  anodic  and  ca¬ 
thodic  gases.  Both  electrodes  were  immersed  in  the  solution. 
All  the  results  shown  in  this  paper  were  performed  in  this 
cell. 

An  Arbin  cycler  BT2000  was  used  for  the  electrochem¬ 
ical  studies.  Gas  chromatography  was  performed  with  an 
SRI  gas  chromatograph  equipped  with  a  thermal  conductiv¬ 
ity  detector,  a  HYSEP®  column,  and  a  Mole  Sieve®  column. 
Additional  characterization  of  the  electrodeposit  was  ob¬ 
tained  with  scanning  electron  microscopy  (SEM).  Rutherford 
backscattering  spectroscopy  (RBS)  analysis  of  the  samples 
was  performed  with  a  3. 05 -Me V  4He  beam  from  the  4.5- 
MV  tandem  accelerator  in  the  Edwards  Accelerator  Labo- 
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ratory  of  Ohio  University.  The  beam  was  scattered  through 
1680  into  a  solid-state  silicon  barrier  detector.  Beam  was  inci¬ 
dent  perpendicular  to  the  sample’s  surface.  The  beam  energy 
and  scattering  angle  were  chosen  to  enhance  the  scattering 
from  oxygen.  X-ray  photoelectron  spectroscopy  (XPS)  was 
performed  on  the  samples  using  Al  K  X-rays  from  a  dual¬ 
anode  X-ray  source  on  a  Kratos  XSAM800  electron  spec¬ 
trometer,  part  of  the  W.M.  Keck  Thin  Film  Characterization 
Facility  in  the  Edwards  Accelerator  Laboratory  of  Ohio  Uni¬ 
versity. 

2.2.  Solutions,  substrate,  and  electrode  preparation 

The  objective  of  the  electrodeposition  procedure  was  to 
manage  the  composition  of  the  bimetallic  deposits  with  small 
amounts  of  secondary  metals  (Ir,  Ru).  In  this  way,  the  influ¬ 
ence  of  the  electrodeposited  secondary  metal  on  the  efficiency 
of  the  electrolytic  cell  can  be  investigated.  Deposits  were  ob¬ 
tained  from  the  following  precursor  salts:  chloroplatinic  acid, 
ruthenium  trichloride,  and  iridium  trichloride.  Hydrochloric 
acid  was  added  as  an  electrolyte.  The  substrate  used  was  a 
22  mm  x  1 2  mm  platinum  foil  spot-welded  to  a  platinum  wire 
and  supported  by  glass  tubing  according  to  the  procedure  de¬ 
scribed  by  Ives  and  Janz  [17].  The  substrate  was  pretreated 
in  aqua  regia  and  cycled  in  0.5  M  sulfuric  acid  for  removal 
of  impurities  as  described  elsewhere  [18].  During  the  plat¬ 
ing  procedure,  the  plating  cell  was  immersed  in  an  ultrasonic 
bath  to  improve  the  integrity  of  the  deposit  [19]. 

The  electroplating  solution  was  composed  of  1:2.5  Pt-Ru 
by  mass.  In  another  electroplating  solution,  the  Pt-Ir  mass 
ratio  was  set  at  1:1.  The  selected  ratios  in  the  bath  solu¬ 
tions  provided  deposits  with  around  10%  atomic  concentra¬ 
tion  in  Ru  and  Ir.  A  solution  containing  only  chloroplatinic 
acid  was  also  used.  The  deposition  current  density  was  set  to 
5  mA  cm-2  and  the  corresponding  potential  was  in  a  range 
of  —0.3  to  —0.1  V  versus  SHE,  far  inside  the  hydrogen  evo¬ 
lution  region.  By  doing  this,  it  was  expected  that  a  more 
porous  deposit  would  be  obtained.  The  loading  of  the  elec¬ 
trodes  was  kept  at  2.5  mg  cm-2,  which  is  considered  a  low 
loading  for  the  electro-oxidation  of  ammonia  when  compared 
to  the  open  literature  on  catalysts  for  this  reaction  (loadings 
of  up  to  5 1  mg  cm-2  have  been  reported  [14]). 


3.  Results  and  discussion 

3. 1.  Characterization  of  the  deposits 

The  atomic  composition  for  each  catalyst  is  reported  in 
Table  1.  Both  iridium  and  ruthenium  deposited  in  smaller 
amounts  than  platinum  (around  10%).  Rough  deposits  were 
obtained  when  platinum  was  deposited  from  solutions  con¬ 
taining  only  chloroplatinic  acid  (Pt  electrode)  or  with  low 
ruthenium  content  (Pt-Ru  electrode).  SEM  imaging  con¬ 
firmed  a  rough  structure  for  these  two  electrodes  (Fig.  la 
and  b,  respectively)  whereas  smoother  and  denser  deposits 


Table  1 


Nomenclature  and  atomic  composition  of  the  electrodeposited  catalysts 


Electrode 

Mass  ratio 

Composition  of  the  deposit 

name 

(plating  solution) 

(atomic  percentage) 

Pt  black 

Pt  only 

100%  Pt 

Pt-Ru 

1/2.5  Pt-Ru 

13%  Ru,  rest  Pt 

Pt-Ir 

1/1  Pt-Ir 

10%  Ir,  rest  Pt 

The  bath  composition  was  adjusted  to  obtain  low  concentration  of  secondary 
metals  (Ru  and  Ir). 


were  obtained  with  Pt-Ir  mixtures  (Fig.  lc).  This  was  prob¬ 
ably  due  to  the  fact  that  Pt-Ir  deposition  occurred  at  com¬ 
paratively  higher  potentials  and  less  deep  into  the  hydrogen 
evolution  region.  The  topography  of  Pt  and  Pt-Ru  electrodes 
were  very  similar;  the  rough  deposits  poorly  adhered  to  the 
substrate.  In  contrast,  the  smoother  and  denser  Pt-Ir  deposit 
strongly  adhered  but  had  a  tendency  to  flake  as  the  electrode 
aged. 

3.2.  Gas  production  and  analysis 

Nitrogen  was  produced  on  Pt,  Pt-Ru,  and  Pt-Ir  anodes, 
while  hydrogen  was  produced  on  a  Pt-Ru  cathode.  Hydro¬ 
gen  and  nitrogen  were  collected  as  separate  streams  when  a 
two-compartment  cell  was  used.  In  Fig.  2  it  is  seen  that  the 
molar  flow  rate  of  produced  hydrogen  is  precisely  propor¬ 
tional  (R2  =  0.998)  to  the  rate  at  which  electrons  are  passed 
between  the  electrodes  of  the  electrolytic  cell.  The  slope  of  the 
linear  fit  is  0.5,  which  means  that  for  each  hydrogen  molecule 
produced  two  electrons  are  passed.  This  is  in  agreement  with 
a  100%  faradaic  efficiency  for  Eq.  (1),  for  which  the  same 
ratio  of  0.5  is  found  (three  hydrogen  molecules  are  produced 
as  six  electrons  are  passed). 

The  equipment  used  for  gas  chromatography  described 
in  Section  2.1  is  capable  of  detecting  trace  amounts  of  COx 
and  NOx  (1  ppm).  Ammonia  present  in  sufficient  quantities 
(2000  ppm)  could  also  be  separated  by  the  HYSEP®  column 


Anodic 


Fig.  1.  Scanning  electron  photomicrographs.  Magnification:  1000 x,  volt¬ 
age:  30  kV:  (a)  on  Pt  black  electrode,  a  rough  deposit  is  observed;  (b)  on 
Pt-Ru  electrode,  rough  deposit  is  observed  as  well;  (c)  Pt-Ir  with  a  smoother, 
denser  morphology. 
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Fig.  2.  Hydrogen  production  rate  showing  that  the  reaction  represented  by 
Eq.  (2)  boats  a  100%  faradaic  efficiency  (slope  is  0.5). 

and  identified  by  an  ill-defined  peak  with  a  retention  time 
slightly  shorter  than  water.  When  produced  hydrogen  and 
nitrogen  streams  were  analyzed,  no  COx,  NOx,  or  ammonia 
was  detected. 

In  order  to  confirm  that  very  low  ammonia  concentrations 
carried  with  the  hydrogen  gas  stream,  the  cathodic  stream 
was  bubbled  through  HPLC  water  at  25  °C  and  the  pH  of  the 
water  was  monitored  over  time.  The  pH  of  the  HPLC  water 
began  to  increase  as  soon  as  the  gas  started  bubbling  and 
reached  a  stable  value  after  a  few  hours  (see  Fig.  3). 

The  recorded  pH  value  was  8.4  (after  5  h)  when  hydrogen 
was  produced  in  the  electrolytic  cell  at  65  °C.  Assuming  that 
water-liquid  equilibrium  exists  between  the  bubbling  water 
and  the  gas  stream,  ammonia  concentration  in  the  gas  phase 
could  be  calculated  [20]  and  was  found  to  be  below  1  ppm. 


Current  intensity  (10  6  mol  e-/min) 


Fig.  3.  pH  of  the  bubbling  water  with  respect  to  time  as  produced  hydrogen  is 
bubbled  through.  pH  is  used  to  calculate  the  concentration  of  ammonia  in  the 
liquid  and  gaseous  phase  under  the  assumption  of  vapor-liquid  equilibrium. 

These  low  concentrations  (<5  ppm)  were  confirmed  by  the 
lack  of  the  characteristic  odor  of  ammonia  in  the  gas  stream. 
These  tests  prove  that  ammonia  electrolysis  at  low  temper¬ 
atures  has  the  potential  to  produce  high-purity  hydrogen  for 
fuel  cell  applications.  Because  both  electrodes  (anode  and 
cathode)  are  immersed  in  the  same  solution,  as  shown  in 
Fig.  4,  the  amounts  of  ammonia  carried  with  the  N2  stream 
are  similar  to  the  ones  carried  with  the  H2  stream. 

3.3.  Improvement  of  the  efficiency  of  the  electrolytic  cell 

3.3.1.  Anodic  polarization  curves 

Fig.  5  shows  the  polarization  curves  of  anodes  made  of 
Pt  black,  Pt-Ru,  and  Pt-Ir  at  60  °C.  The  current  densities  re¬ 
ported  were  measured  (arbitrarily)  3  min  after  a  potentio static 
step  at  the  potential  of  interest  started. 

At  60  °C,  current  densities  of  about  70  mA  cm-2  are  ob¬ 
tained  on  Pt-Ir  at  an  overpotential  of  0.36  V  compared  to 
an  overpotential  of  0.56  V  on  Pt  black.  Pt-Ru  activity  was 
somewhat  intermediate  between  Pt  black  and  Pt-Ir,  showing 
lower  overpotentials  than  Pt  black  but  a  higher  overpotential 
than  Pt-Ir.  The  maximum  current  density  obtained  on  Pt-Ir  at 
60  °C  was  an  order  of  magnitude  larger  than  that  observed  on 
Pt  black.  The  better  results  observed  on  bimetallic  electrode- 
posited  catalysts  can  be  explained  in  view  of  the  mechanism 
proposed  by  Gerischer  and  Mauerer  [8]: 

NH3,ads  +  OH-  ^  NH2,ads  +  H20  +  e-  (4.1) 


time  (min) 


Fig.  4.  Three-compartment  electrolytic  cell  for  the  electrolysis  of  ammonia. 
All  the  experiments  reported  in  the  paper  were  performed  in  this  cell.  The 
electrodes  are  immersed  in  the  solution. 
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Current  density,  i  (A/cm2) 


Fig.  5.  Anodic  polarization  curves.  Experiments  at  60  °C  in  1  M  NH3,  5  M 
KOH.  Applied  potential  vs.  Hg/HgO  reference  electrode.  The  use  of  elec- 
trodeposited  bimetallic  catalysts  improves  the  kinetics  of  ammonia  oxidation 


with  Pt-Ir  as  the  most  active  catalyst. 

NH2,ads  +  OH-  ^  NHads  +  H20  +  e“  (4.2) 

NHads  +  OH-  ^  Nads  +  H20  +  e“  (4.3) 

NHx?ads  +  NH,,ads  +  (x  +  y)  OH 

O  N2  +  (x  +  y)H20  +  (x  +  y)e_  (4.4) 

2Nads  ^  N2  (4.5) 


At  low  current  densities,  the  oxidation  of  surface  amine 
is  considered  to  be  rate-limiting  (Eq.  (4.2)),  whereas  at 
higher  current  densities  (respectively  high  overpotentials) 
the  recombination  of  adsorbed  nitrogen  is  the  limiting  step 
(Eq.  (4.5))  [8].  Nads  accumulates  at  the  surface  of  the 
catalysts,  blocking  the  active  sites  of  noble  metals  and 
therefore  acting  as  a  poison  toward  the  reaction.  The  ob¬ 
served  trend  in  preferential  adsorption  of  Nads  is  given  by 
Ru  >  Rh  >  Pd  >  Ir  >  Pt  Au,  Ag,  Cu  [9] .  Dehydrogenation  of 
ammonia  occurs  at  a  fast  rate  and  at  relatively  low  potentials 
on  Ru  (compared  to  Pt),  which  leads  to  a  very  fast  deactiva¬ 
tion  of  this  catalyst. 

However,  on  Pt-Ru,  the  presence  of  Pt  allows  the  recom¬ 
bination  of  adsorbed  nitrogen  at  a  significant  rate,  either  with 
itself  (Eq.  (4.5))  or  with  a  partially  dehydrogenated  interme¬ 
diate  adsorbed  on  a  Pt  site  (Eq.  (4.4)).  Low  ratios  of  Ru  in  the 
deposit  are  needed  to  prevent  the  fast  and  complete  dehydro¬ 
genation  of  ammonia  to  prevail  over  the  recombination  step 
on  Pt.  The  bimetallic  catalyst  shows  the  combined  benefit 
of  a  better  activity  (fast  dehydrogenation  rates  on  Ru  at  low 
potentials)  and  minimized  deactivation  (due  to  the  presence 
of  Pt).  Ir  is  similar  to  Ru  in  the  sense  that  dehydrogenation 
of  ammonia  occurs  at  lower  potentials  and  faster  than  on  Pt 
[9].  However,  its  stability  toward  deactivation  is  better  (lower 
affinity  to  Nads),  which  results  in  sustainable  higher  current 
densities  at  lower  potentials  when  combined  with  Pt.  It  is 
likely  that  a  higher  concentration  of  Ir  should  increase  the 
activity  of  the  electrodeposit,  and  thus  optimization  of  the 
deposit  composition  is  scheduled  for  later  studies.  Clearly, 
Pt-Ir  appears  to  be  a  suitable  catalyst  for  the  formation  and 


recombination  of  partially  dehydrogenated  intermediates  to¬ 
ward  a  sustainable  production  of  nitrogen. 

It  is  worth  mentioning  that  the  overpotential  developed 
in  the  cathode  was  also  measured  (not  shown  in  Fig.  5)  and 
the  maximum  value  reached  was  0.15  V;  consequently,  the 
efficiency  of  the  electrolysis  process  was  limited  by  the  anode 
over  the  entire  range  of  current  densities  covered. 

Also  in  Fig.  5,  a  comparison  of  current  results  on  elec- 
trodeposited  low-loading  catalysts  with  former  publications 
[13,14]  on  impregnated  and  thermally  deposited  Pt-Ru  and 
Pt-Ir  catalysts  is  presented.  Although  it  was  not  the  purpose 
here  to  develop  optimized  catalysts,  it  is  seen  that  electrode- 
posited  low-loading  catalysts  operating  at  low  temperatures 
performed  quite  well  in  comparison.  Further  studies  will  fo¬ 
cus  on  obtaining  lower  overpotentials  as  observed  by  McKee 
et  al.  [14]  (at  140  °C  and  with  a  loading  of  34  mg  cm-2  on 
Pt-Ir  catalysts)  but  with  significantly  lower  loadings  and  at 
lower  temperatures. 

The  results  presented  prove  that  it  is  possible  to  signifi¬ 
cantly  reduce  the  amount  of  energy  requested  for  the  produc¬ 
tion  of  hydrogen  from  ammonia  electrolysis  by  an  appropri¬ 
ate  selection  of  bimetallic  catalysts  and  the  optimization  of 
their  composition.  It  is  now  intended  to  present  the  efficiency 
of  electrolytic  cells  built  with  such  catalysts. 

3.3.2.  Polarization  curve  for  the  electrolytic  cell  and  cell 
efficiency 

The  energy  efficiency  could  be  improved  by  choosing  bet¬ 
ter  performing  electrocatalysts.  From  an  economical  point  of 
view,  it  is  necessary  to  evaluate  the  efficiency  of  the  elec¬ 
trolytic  cell.  The  polarization  curve  of  the  whole  cell  is  shown 
in  Fig.  6.  These  results  were  obtained  at  60  °C  in  a  stirred  so¬ 
lution  of  1  M  NH3 ,  5  M  KOH  with  the  electrode  Pt-Ru  as 
the  counterelectrode  for  hydrogen  evolution  in  an  alkaline 
medium.  The  results  not  adjusted  for  IR  drop  show  that  volt¬ 
ages  higher  than  0.4  V  are  currently  needed  for  hydrogen 
production. 

According  to  the  fact  that  the  conversion  of  ammonia  to 
hydrogen  is  100%  efficient  (see  Section  3.2),  the  energy  ef- 


Current  density,  i  (A/cm2) 

Fig.  6.  Polarization  curves  for  the  ammonia  electrolytic  cell.  Experiments  at 
60  °C  in  1  M  NH3  and  5  M  KOH.  Cell  voltages  as  low  as  0.3  V  are  observed 
when  Pt-Ir  is  used  as  an  anode. 
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Fig.  7.  Efficiency  curves  for  ammonia  electrolysis.  Experiments  at  60  °C, 
1  M  NH3  and  5  M  KOH.  Efficiencies  of  80%  and  higher  can  be  obtained 
with  the  currently  developed  catalysts. 

ficiency  of  the  electrolytic  cell  can  be  expressed  as 


2  x  A//NH3  +  6  x  FAE 

where  A//h2  is  the  lower  heating  value  of  hydrogen 
(242.7  kJ  mol-1),  A//nh3  the  lower  heating  value  of  ammo¬ 
nia  (320.1  kJ  mol-1),  and  A E  the  cell  voltage.  Defined  in 
such  a  manner,  the  efficiency  represents  the  amount  of  energy 
that  could  be  obtained  by  burning  the  produced  gas  (lower 
heating  value  of  hydrogen)  divided  by  the  amount  of  energy 
required  to  produce  this  gas  (lower  heating  value  of  ammonia 
plus  electrical  energy  needed  to  electrolyze  ammonia).  Such 
efficiency  indicates  the  feasibility  of  the  technology  by  com¬ 
paring  the  energy  that  can  be  obtained  from  H2  to  the  energy 
needed  to  produce  it.  The  value  of  s  as  a  function  of  the  hy¬ 
drogen  production  rate  (i.e.  anodic  current  density)  is  given 
for  selected  catalysts  in  Fig.  7.  The  efficiency  of  ammonia 
transformation  into  hydrogen  on  Pt-Ir  ranges  from  80%  at 
10  mA  cm-2  to  60%  at  400  mA  cm-2.  The  theoretical  effi¬ 
ciency  (obtained  for  A E  =  0.06  V,  which  is  thermodynamic 
cell  voltage)  is  108%.  For  comparison,  the  energy  efficiency 
of  an  ammonia  reformer  runs  between  60  and  70%  [21]  (this 
number  does  not  include  the  energy  required  to  compress 
the  gas),  showing  the  potential  of  the  ammonia  electrolysis 
technology  to  produce  hydrogen  in  an  energy-efficient  man¬ 
ner.  The  high  efficiency  of  the  cell  favors  its  integration  with 
renewable  energy  (electricity)  sources  (e.g.,  wind  and  solar 
energy). 

Fig.  8  compares  the  consumption  of  energy  and  power 
for  the  ammonia  electrolytic  cell  to  the  ones  for  a  commer¬ 
cial  water  electrolyzer  [22]  at  different  hydrogen  production 
rates.  The  ammonia  electrolytic  cell  operated  at  25  °C  with 
1  M  NH3  and  5  M  KOH,  and  Pt-Ir  was  used  as  anode.  It  can  be 
observed  that  both  the  total  energy  consumption  by  the  water 
electrolyzer  as  well  as  the  power  required  are  much  higher 
than  for  the  ammonia  electrolytic  cell  (up  to  65%  higher). 
Fig.  8a  also  compares  the  energy  consumed  by  the  ammonia 
electrolytic  cell  with  the  energy  produced  by  a  commercial 
H2  PEM  fuel  cell  (from  Arbin),  as  it  can  be  seen  the  energy 
produced  by  the  last  is  higher  than  the  one  required  by  the  am¬ 


monia  electrolytic  cell  up  to  a  hydrogen  rate  of  0.033  gh-1, 
that  is,  at  lower  hydrogen  rates  the  H2  PEM  fuel  cell  could 
supply  energy  to  the  ammonia  electrolytic  cell  with  still  some 
net  energy  (energy  produced  by  H2  PEM  fuel  cell  minus  en¬ 
ergy  consumed  by  the  ammonia  electrolytic  cell)  available. 
The  energy  consumed  by  the  ammonia  electrolytic  cell  can 
be  brought  even  lower  (according  to  the  thermodynamics, 
see  Fig.  8a)  by  improving  the  performance  of  the  electrocat¬ 
alyst.  Research  is  being  performed  on  this  topic  and  it  will 
be  presented  in  future  publications.  Fig.  8b  indicates  that  the 
maximum  net  power  (power  produced  by  H2  PEM  fuel  cell 
minus  power  consumed  by  the  ammonia  electrolytic  cell)  is 
achieved  between  0.010  and  0.020 gh-1  of  hydrogen.  The 
results  shown  in  Fig.  8  indicate  that  the  ammonia  electrolytic 
cell  has  the  potential  to  operate  by  stealing  part  of  the  energy 
of  a  PEM  hydrogen  fuel  cell.  Furthermore,  the  lower  energy 
consumption  when  compared  to  a  water  electrolyzer  indi¬ 
cates  that  the  ammonia  electrolytic  cell  can  be  operated  by 
renewable  energy  sources  to  produce  hydrogen  on  demand. 

3.3.3.  Study  of  the  catalyst  stability 

As  reported  elsewhere  [10],  it  was  difficult  to  obtain  stable 
current  densities  over  time,  particularly  at  low  temperatures 
and  high  current  densities.  This  is  due  to  the  slow  deacti¬ 
vation  of  the  electrode.  It  has  already  been  mentioned  that 
poisoning  occurs  at  the  surface  of  the  catalysts,  probably  in 
the  form  of  the  adsorbed  intermediate  Nads.  Fig.  9  shows  the 
plot  of  current  density  versus  time  as  the  potential  was  in¬ 
creased  stepwise  by  0. 1  V  starting  from  the  rest  potential. 
The  limiting  current  density  was  never  reached;  rather,  the 
current  density  decreased  sharply  when  higher  values  were 
reached,  showing  that  poisoning  of  the  electrode  occurred 
faster  at  higher  overpotentials. 

In  an  attempt  to  slow  down  the  deactivation  of  the  surface, 
the  potential  was  varied  in  a  stepwise  manner  as  shown  in 
Fig.  10.  By  applying  a  periodic  cathodic  pulse  CFmin),  it  was 
expected  that  fully  dehydrogenated  nitrogen  resulting  from 
Eq.  (4.5)  would  be  reduced  back  to  an  active  partially  de¬ 
hydrogenated  intermediate.  This  test  procedure  was  repeated 
in  time  until  steady  state  was  reached  or  until  complete  poi¬ 
soning  of  the  surface  occurred.  The  purpose  of  this  study  was 
also  to  optimize  the  value  of  the  parameters  dt\  (cathodic  step 
time),  dt2  (anodic  step  time),  and  Em in  for  a  chosen  £max  (an¬ 
odic  potential),  in  order  to  provide  a  maximum  stable  current 
output.  The  results  presented  here  were  obtained  with  Pt-Ir 
electrode  as  an  anode.  The  potential  EmSLX  was  set  at  —0.35  V 
versus  Hg/HgO  and  the  step  time  dt\  was  set  to  120  s. 

By  decreasing  Em[ n  to  potentials  more  negative  than 
—0.6V  (cathodic  step  time  d/2  =  1  s),  one  observed  that  the 
poisoning  of  the  catalyst  slowed  down  significantly  (see 
Fig.  11).  In  fact,  at  25  °C  and  for  a  resting  potential  Em[n 
below  —0.8  V,  the  anodic  current  was  higher  after  4  h  of  cy¬ 
cling  (labeled  as  last  cycle  in  Fig.  11)  than  it  is  at  the  begin¬ 
ning  of  the  experiment  (labeled  as  first  cycle  in  Fig.  11).  In 
Fig.  12,  the  cathodic  currents  obtained  during  the  step  at  Em[n 
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Fig.  8.  Energy  balance  on  an  integrated  system:  ammonia  electrolytic  cell  (prototype)/hydrogen  PEM  fuel  cell  (commercial)  as  a  function  of  hydrogen  rate. 
Ammonia  electrolytic  cell  operated  at  25  °C  with  1  M  NH3  and  5  M  KOH.  Pt-Ir  was  used  as  anode.  The  ammonia  electrolytic  cell  consumes  less  energy  and 
power  than  the  one  produced  by  the  H2  PEM  fuel  cell  and  much  lower  energy  and  power  than  the  one  consumed  by  a  commercial  water  electrolyzer:  (a)  energy 
of  the  system;  (b)  power  of  the  system. 
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Fig.  10.  Test  procedure  (potentio static  steps)  for  remediation  of  catalyst 
poisoning  during  ammonia  electrolysis. 


Fig.  9.  Effect  of  poisoning  on  polarization  curves.  Experiments  at  60  °C 
in  1  M  NH3,  5  M  KOH.  Applied  potential  vs.  Hg/HgO  reference  electrode. 
Poisoning  occurs  faster  at  more  positive  potential,  which  can  be  explained 
by  the  preferential  formation  of  adsorbed  nitrogen  on  the  surface  of  the 
catalysts. 


of  the  last  cycle  (after  6  h  of  cycling)  show  that  the  reduction 
of  at  least  one  intermediate  species  occurred  below  —  0.6  V 
versus  Hg/HgO.  The  full  reduction  occurred  as  early  as  the 
first  second  following  the  cathodic  step  initiation  (Fig.  13), 
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Fig.  11.  Effect  of  Emin  on  the  stability  of  the  anodic  current  density.  Pt-Ir 
was  used  as  anode.  Experiments  at  25  °C  in  1  M  NH3,  5  M  KOH.  Applied 
potential  vs.  Hg/HgO  reference  electrode.  By  periodically  pulsing  in  the 
cathodic  direction  at  potentials  lower  than  the  rest  potential,  the  stability  of 
the  reaction  of  oxidation  is  observed  over  time. 

Time  (s) 
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Fig.  12.  Cathodic  current  densities  during  a  potentiostatic  step  at  Emin  -  Pt-Ir 
was  used  as  anode  experiments  at  25  °C  in  1  M  NH3,  5  M  KOH.  Applied 
potential  vs.  Hg/HgO  reference  electrode.  The  cathodic  currents  show  that 
adsorbed  species  on  the  surface  are  reduced  back  to  active  intermediates. 


which  meant  that  the  electrode  was  reactivated  in  such  period 
of  time.  This  technique  proved  that  intermediates  of  reaction 
blocking  the  active  surface  could  be  reduced  back  to  an  active 
species  toward  sustainable  nitrogen  production. 


Fig.  13.  Anodic  current  densities  in  time  as  a  function  of  reduction  time 
period  dt2-  Pt-Ir  was  used  as  anode.  Experiments  at  25  °C  in  1  M  NH3,  5  M 
KOH.  The  maximum  reactivation  of  the  surface  is  obtained  after  a  cathodic 
pulse  as  short  as  1  s. 


4.  Conclusions 

The  concept  of  an  ammonia  alkaline  electrolytic  cell  for 
high-purity  hydrogen  production  has  been  introduced.  The 
technology  offers  high  energy  efficiency.  The  development 
of  bimetallic  catalysts  by  electrodeposition  appears  to  be  a 
promising  technique  for  the  production  of  low-loading  ac¬ 
tive  electrodes  for  low-temperature  ammonia  electrolysis. 
Bimetallic  catalysts  showed  higher  activity  at  lower  over¬ 
potentials.  An  operating  procedure  for  the  electrolytic  cell 
was  developed,  which  prevents  deactivation  over  a  long  pe¬ 
riod  of  time.  Additional  work  on  the  optimization  of  catalyst 
preparation  by  electrodeposition  (including  the  optimization 
of  chemical  composition)  needs  to  be  performed  to  improve 
the  catalytic  activity  (lower  the  electrical  energy  consump¬ 
tion)  and  lower  material  cost.  The  results  of  the  study  indi¬ 
cate  that  the  production  of  hydrogen  by  the  electrolysis  of 
ammonia  is  a  promising  technology  as  the  thermodynamics 
is  in  favor  of  the  reaction;  however,  the  commercialization 
of  the  technology  depends  on  the  development  of  effective 
electrodes  for  the  electro- oxidation  of  ammonia.  Therefore, 
future  work  on  this  area  should  be  focus  on  the  development 
of  electrodes  to  decrease  the  overpotential  of  this  reaction. 
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